The trisubstituted pyrrole 4-[2-(4-fluorophenyl)-5-(1-methylpiperidine-4-yl)-1H-pyrrol-3-yl]pyridine (compound 1) is a potent inhibitor of cyclic GMP-dependent protein kinases from Apicomplexan protozoa and displays cytostatic activity against Toxoplasma gondii in vitro. Compound 1 has now been evaluated against T. gondii infections in the mouse and appeared to protect the animals when given intraperitoneally at 50 mg/kg twice daily for 10 days. However, samples from brain, spleen, and lung taken from infected treated mice revealed the presence of parasites after cessation of administration of compound 1, indicating that a transient asymptomatic parasite recrudescence occurs in all survivors. The ability of mice to control Toxoplasma infection after compound 1 treatment has been terminated suggested that the mouse immune system plays a synergistic role with chemotherapy in controlling the infection. To explore this possibility, gamma interferon (IFN-␥)-knockout mice were infected with parasites and treated with compound 1, and survival was compared to that of normal mice. IFN-␥-knockout mice were protected against T. gondii throughout the treatment phase but died during the posttreatment phase in which peak recrudescence was observed in treated immunocompetent mice. These data suggest that an IFN-␥-dependent immune response was essential for controlling and resolving parasite recrudescence in mice treated with compound 1. In addition, when compound 1-cured immunocompetent mice were rechallenged with a lethal dose of T. gondii, all survived (n ‫؍‬ 32). It appears that the cytostatic nature of compound 1 provides an "immunization" phase during chemotherapy which allows the mice to survive the recrudescence and any subsequent challenge with a lethal dose of T. gondii.
Toxoplasma gondii is an obligate intracellular protozoan parasite that infects a broad range of warm-blooded animals, including humans. Toxoplasma infections in humans are generally benign, but significant morbidity and mortality are frequent in congenital infections and in immunocompromised hosts such as cancer and transplant patients and patients with AIDS (9, (13) (14) (15) . The clinical manifestation of toxoplasmosis in AIDS patients and other immunocompromised individuals includes development of encephalitis, which generally culminates in focal brain disease (12, 13) . The reactivation of latent infection or tissue cysts is primarily responsible for the development of toxoplasmic encephalitis. The incidence of this is about 12% at the 1-year mark in patients whose CD4 counts have dropped below 200 per mm 3 (1, 6, 14) . Currently, the recommended treatment for toxoplasmosis in humans is pyrimethamine in synergistic combination with sulfonamide. Treatment with this combination often includes folinic acid to minimize hematological toxicity (2) . The pyrimethamine-sulfonamide regimen is often effective in both immunocompetent and immunocompromised individuals, including AIDS patients. However, significant toxicity is common, particularly in immunodeficient individuals, resulting in discontinuation of one or both drugs, particularly the sulfonamide (5, 8) . Some more recent pharmacologic approaches have involved the use of other antibiotics such as clindamycin or atovaquone instead of sulfadiazine, but none of these combinations are superior to the pyrimethamine-sulfonamide standard (5) . There is therefore a need for continued research aimed at the identification and development of new compounds for the treatment of toxoplasmosis either in monotherapy regimens or in combination with existing drugs.
In the present study, we have evaluated the efficacy of compound 1 (Fig. 1A) , a novel and selective inhibitor of protozoan cyclic GMP (cGMP)-dependent protein kinases (A. Gurnett et al., submitted for publication; R. Donald et al., submitted for publication), against a highly virulent form of T. gondii (RH strain) both in vitro and in vivo, using a murine model of acute toxoplasmosis. Our in vitro assays which assess parasite survival in human fibroblasts were used to determine if compound 1 was cytostatic or cytocidal. In vivo, we have established the dosing frequency required to resolve murine toxoplasmosis and also have determined whether monotherapy with compound 1 is dependent upon the immune system.
MATERIALS AND METHODS
Cell culture. The virulent T. gondii strain RH, stably expressing ␤-galactosidase from Escherichia coli (16, 23) , was used throughout this study. In addition, the P strain, a clonal isolate from strain ME49 (27) of T. gondii, was used in the vaccination-challenge studies. Tachyzoites of T. gondii were maintained by serial passage in confluent monolayers of human foreskin fibroblasts (HFFs) in Eagle's minimum essential medium (MEM) supplemented with 1 to 2% heat-inactivated fetal bovine serum, 25 g of gentamicin per ml, and 50 U of penicillin-streptomycin per ml. For routine maintenance, HFFs were passaged at a 1:4 dilution in T-175 flasks containing 50 ml of Dulbecco's modified Eagle's medium supple-mented with 10% heat-inactivated fetal calf serum, 25 g of gentamicin per ml, and 50 U of penicillin-streptomycin per ml. All tissue culture reagents were obtained from Invitrogen Life Technologies, Carlsbad, Calif.
Colorimetric assay for growth inhibition. HFFs were plated in 96-well plates in 150 to 200 l of Dulbecco's modified Eagle's medium lacking phenol red and allowed to reach confluency in 5% CO 2 . The spent medium was aspirated and replaced with 150 l of MEM without phenol red containing 10 3 tachyzoites of T. gondii/well. Various concentrations (0 to 1,000 ng/ml) of compound 1 (synthesized by the Department of Medicinal Chemistry, Merck Research Laboratories, Rahway, N.J.) were added, using triplicate wells for each concentration, and incubation was carried out for 5 days at 37°C in 5% CO 2 . Twenty microliters of the ␤-galactosidase substrate 4-chlorophenol red-␤-D-galactopyranoside (CPRG) (Boehringer Mannheim, Indianapolis, Ind.) per well was added to give a final concentration of 100 M, and the plates were returned to the incubator. After incubation with CPRG (2 to 4 h), the plates were analyzed (570 nm) on a Rainbow Thermo microtiter plate reader (TECAN, Durham, N.C.), at a time when wells containing parasites incubated in the absence of inhibitor had reached an absorbance of 1.0 (16) .
To assess the toxicity of compound 1 to HFFs, cells were plated in 96-well plates at 10 3 /well and allowed to adhere overnight prior to addition of compound. Cultures were incubated for 5 days at 37°C in the presence of 5% CO 2 . Viability was assessed using the Cell-Titer 96 Aqueous One solution cell-proliferating assay (Promega, Madison, Wis.) according to the manufacturer's instructions. For plaque assays, T. gondii tachyzoites were incubated with confluent HFF monolayers in T-25 flasks containing 10 ml of MEM (20) in the presence or absence of up to 2 M compound 1. Plaques were inspected 7 to 10 days later with an inverted microscope. Parasite viability was determined by counting plaques after fixing infected monolayers with methanol and staining with crystal violet (20) . The presence of T. gondii tachyzoites, bradyzoites, and tissue cysts growing within plaques in treated cultures was detected by immunofluorescence, using stage-specific antisera (P30 and P36 monoclonal antibodies [24] ) and lectin reagents (Dolichos biflorus agglutinin [10] ).
Animals and in vivo efficacy studies. Mice were conventionally housed, within a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care in static microisolator cages with corncob bedding and provided ad libitum feed (catalog no. 7012; Teklad, Madison, Wis.) and reverseosmosis-purified water. All procedures were performed in accordance with the highest standards for the humane handling, care, and treatment of research animals and were approved by the Merck Institutional Animal Care and Use Committee. Procedures for the care and use of research animals at Merck Research Laboratories meet or exceed all applicable local, national, and international laws and regulations.
Freshly released tachyzoites of T. gondii were collected, washed in MEM, and counted. Female wild-type mice of the C57BL/6J strain and homozygous gamma interferon (IFN-␥)-disrupted (GKO) mice (Jackson Laboratories, Bar Harbor, Maine) were inoculated intraperitoneally with 1 ϫ 10 3 to 3 ϫ 10 3 T. gondii tachyzoites diluted in a final volume of 500 l of MEM. Parasite titers used in inoculating mice were always confirmed by plaque assays. Compound 1 was dissolved in water and administered in 100-l doses by intraperitoneal injections starting 24 h after parasite inoculation. Mice were monitored twice daily for clinical evidence of toxoplasmosis and mortality throughout the experimental period.
Quantitation of parasite loads in mouse tissues. To determine the kinetics of T. gondii infection and curative rates of compound 1, samples of spleen, brain, lung, and peritoneal fluid were recovered from control and treated animals (three mice per group) at different days after inoculation. Mice were euthanized by exposure to CO 2 , and recovered tissues were washed two times in phosphatebuffered saline and suspended in 5 ml of MEM. For peritoneal samples, the peritoneal cavity was lavaged with 5 ml of MEM to recover any parasites within the cavity. Brain, spleen, and lung samples were each homogenized by direct pressure in 5 ml of MEM using Whirl Pack bags (Environmental Monitoring Systems, Charleston, N.C.). From each organ suspension, 100 l was added to confluent HFF monolayers (100 l) and serially diluted twofold across the plate in triplicate. After 5 to 7 days at 37°C, the plates were examined under an inverted microscope and the presence of parasite plaques was recorded for each well. CPRG was added, and ␤-galactosidase activity was determined as described above to confirm the plaque observations. The final parasite titer was considered to be the final dilution for which the monolayer contained at least one parasite (19) , and all dilution factors were taken into account to obtain the final number of organisms per organ. Tissue samples from uninfected animals were included to serve as background signals for ␤-galactosidase activity.
Assay for levels of compound 1 in plasma. The concentration of compound 1 in serum following a single intraperitoneal dose of 50 mg/kg in C57BL/6 female mice was evaluated using a cGMP-dependent protein kinase bioassay. Blood was collected in Microtainer separator tubes (Becton Dickinson, Franklin Lakes, N.J.) at 0.25, 0.5, 1, 2, 4, 5, 6, 7, 8, 12, 18, and 24 h after dosing from six mice per time point. After centrifugation, 100 l of plasma was combined with 100 l of water and 25 l of 50% acetonitrile and mixed gently by shaking. The samples were centrifuged for 5 min at 2,000 ϫ g at room temperature. The liquid phase containing compound 1 was removed, evaporated to dryness, and stored at Ϫ20°C or reconstituted in 10% dimethyl sulfoxide. Diluted samples from plasma extracts were incubated with purified recombinant T. gondii cGMP-dependent kinase (Donald et al., submitted) to generate IC 50 s for the determination of the concentration of compound 1 in plasma. Plasma aliquots from untreated mice were spiked with different concentrations of compound 1, extracted as described above, and used to generate standard curves.
cGMP-dependent protein kinase activity was assayed using 96-well Multiscreen phosphocellulose plates (MAPH-NOB; Millipore, Bedford, Mass.) to capture 33 P-phosphorylated kemptide peptide substrate. Kinase reactions were carried out in 40-l volumes containing 25 mM HEPES (pH 7.4), 10 mM MgCl 2 , 20 mM ␤-glycerolphosphate, 2 mM dithiothreitol, 10 M cGMP, 250 M kemptide, 1 mg of bovine serum albumin per ml, 20 M ATP, 0.01 M [␥-
33 P]ATP (NEN/DuPont) (3,000 Ci/mmol), and samples of serially diluted mouse plasma. The reactions were initiated by the addition of enzyme, and reaction mixtures were incubated at room temperature for 60 min. Dilutions of enzyme that ensured that reactions were linear over a time course of up to 2 h were used. Reactions were terminated by addition of phosphoric acid (2.5 mM final concentration) before samples were applied to a phosphocellulose plate mounted on a vacuum manifold. Wells were washed in 75 mM phosphoric acid and dried, and radiolabeled peptide was detected by scintillation counting on a 1450 Microbeta scintillation counter (Wallac).
Statistical analysis. Accelerated failure-time regression models were fit to the data in each of the survival studies to account for the survival nature of the data and the presence of censored times, since some animals were still alive at the end of the studies. The underlying statistical assumptions of Gaussian distribution and equal variances were reasonably met in each case. Follow-up comparisons were based on these models to assess significance, using the common 5% cutoff, and to express magnitudes of effects in terms of percent change in median survival.
RESULTS

Inhibition of intracellular replication of T. gondii in vitro.
Using the activity of the transgenic ␤-galactosidase marker as an estimate of parasite activity (23) , the trisubstituted pyrrole compound 1 (Fig. 1A) displayed a dose-dependent inhibition of T. gondii tachyzoites replicating inside HFFs, with an IC 50 of 210 Ϯ 100 nM (n ϭ 5 experiments). Using the metabolic [ 3 H]uracil uptake assay, we obtained an IC 50 of 230 Ϯ 90 nM (n ϭ 7 experiments). Interestingly, at concentrations of compound 1 that were up to 10-fold above the IC 50 (Յ2 M), parasite viability (assayed by the ability to form plaques) was not markedly affected (Fig. 1B) . However, we noticed a dramatic reduction in plaque size that was proportional to the level of treatment; plaque diameter was reduced 10-to 15-fold in cultures exposed to 2 M compound 1 for 1 week (Fig. 1C) . Furthermore, unlike the clear lytic plaques formed in the absence of compound, the minute plaques formed with 2 M compound 1 showed little evidence of cell lysis. Instead, these turbid foci contained slow-growing intracellular tachyzoites and bradyzoites as well as refractile cysts, as determined by staining with stage-specific antisera and lectin reagents (H. Wiersma and R. Donald, unpublished data). The suppression of lytic parasite growth by compound 1 was reversible. Replacement of the medium with medium lacking compound 1, after treatment for up to 7 days at 2 M, resulted in complete lysis of HFF cell monolayers (not shown). Compound 1 was neither toxic nor inhibitory to proliferating or confluent monolayers of HFFs at concentrations of up to 10 M.
In vivo activity of compound 1. Assessment of the efficacy of compound 1 was performed with the mouse model of toxoplasmosis using C57BL/6J female mice inoculated intraperitoneally with 1 ϫ 10 3 to 3 ϫ 10 3 tachyzoites of T. gondii. Preliminary experiments conducted with single intraperitoneal daily doses of 10, 25, or 50 mg of compound 1 per kg resulted in recrudescence and death of mice after cessation of treat-ment. When 50 mg of compound 1 per kg was given as a twice-daily dose for 10 days, nearly 90% of the mice (89% Ϯ 7%; n ϭ 4 independent experiments) survived a dose of T. gondii that is lethal to control mice (P Ͻ 0.001 versus untreated animals). The results of a representative experiment are shown in Fig. 2 . There was no evidence of clinical recrudescence in these cured mice for up to 12 months following treatment. In contrast, when compound 1 was given once daily for 10 days at 50 mg/kg, the mice were only partially protected, with 100% mortality observed by day 33 posttreatment. Untreated or placebo-treated animals succumbed to the infection by day 7 to 8 after inoculation with T. gondii tachyzoites. The prolonged survival observed in animals treated with 50 mg/kg once daily for 10 days was significant compared to that of untreated controls (P Ͻ 0.001). We did not observe any overt signs of compound 1-related toxicity in mice that were treated in this study.
Administration of a single intraperitoneal dose of 50 mg of compound 1 per kg resulted in levels in plasma that were detectable by a cGMP-dependent protein kinase bioassay up to 24 h after dosing (Fig. 3) . However, concentrations of compound 1 were below 100 ng/ml (300 nM) by the 8-h time point. The half-life was 1.8 h, with an average mean residence time of 2.7 h.
Determination of parasite load in mouse tissues. Both in vitro and in vivo experiments were conducted with a transgenic RH strain of T. gondii expressing the ␤-galactosidase gene from E. coli (16, 23) to facilitate the determination of IC 50 s with in vitro-grown parasite cultures and to simplify the determination of parasite tissue load in infected mice. However, the utility of the ␤-galactosidase assay to determine parasite tissue burden was limited by low sensitivity and high background levels, particularly in spleen and lung homogenates. Accordingly, parasite foci or plaques formed on HFF monolayers after incubation with tissue homogenates were utilized as the primary indicator of parasite burden within the tissue. Parasites were detected in the spleen, peritoneal cavity, and lungs as early as day 2 postinfection, and parasitic loads progressively increased until the death of the untreated animals at day 7 to 8 ( Fig. 4A ). The appearance of T. gondii in the brain was delayed somewhat compared to that in the peritoneum, spleen, or lung. In infected mice that were treated with compound 1 at 50 mg/kg twice daily, parasites were undetectable throughout the 10-day treatment period in each of the tissues examined (Fig. 4B) . Five days after cessation of therapy (15 days postinfection), parasites could be detected in the spleens and brains of treated animals. Significant parasite loads were also observed in the lungs of these animals by day 10 following cessation of treatment, indicating significant recrudescence in these animals. We were unable to detect T. gondii in the peritoneal cavities of compound 1-treated mice throughout the posttreatment phase. The parasite load in the spleens, brains, and lungs peaked within the first 5 to 10 days after cessation of compound 1 treatment. Thereafter the parasite load declined in these tissues, reaching undetectable levels by day 50 and day 80 after inoculation. Compound 1-treated animals did not exhibit any clinical signs of toxoplasmosis during the posttreatment phase despite significant tissue parasite loads early after cessation of treatment. Up to 10% of mice treated with compound 1 died within 10 to 25 days after cessation of treatment at 50 mg/kg twice daily. When these mice were sampled for T. gondii tissue load, large numbers of tachyzoites were identified only in the brains. In contrast, moribund or dead mice sampled during this period that had been treated with subcurative doses of compound 1 contained parasites in all tissues examined. In light of the observation that in vitro-grown parasites form cysts in the presence of cytostatic levels of compound 1, we also examined brain homogenates for evidence of tissue cysts. None were found either in the subpopulation of compound 1-treated moribund mice or in the larger population of cured long-term survivors sampled at up to 6 months after parasite inoculation.
Protection against T. gondii challenge infection.
Because compound 1 was able to protect the majority of C57/BL/6J mice indefinitely against a primary infection of T. gondii, we investigated the response of these mice to a secondary challenge of parasite. Compound 1-cured mice challenged 6 months later with an intraperitoneal injection of 1 ϫ 10 3 to 2 ϫ 10 3 RH strain organisms were able to survive this secondary infection (Fig. 5) . By way of comparison, age-matched naive mice all succumbed to this infection within 8 days. A third group of mice that was "immunized" with tachyzoites of the avirulent P strain of T. gondii showed a 25 to 30% survival rate when challenged with the RH strain of T. gondii (P Ͻ 0.001; data from two experiments). Mice that were cured of primary toxoplasmosis with compound 1 and rechallenged at either 3, 6, or 9 months showed greater than a 90% survival rate (P Ͻ 0.001) following a secondary challenge with the same virulent RH strain of T. gondii. Figure 5 shows the results of a representative experiment in which mice were rechallenged 6 months after the primary infection or "vaccination" event.
Dependency of compound 1 efficacy on the mouse immune system. The ability of compound 1-cured mice to survive a secondary challenge of T. gondii suggested a role for the immune system in synergizing with chemotherapy to control primary toxoplasmosis. To delineate the requirements for an immune response in compound 1-mediated resolution of primary toxoplasmosis, the course of a T. gondii infection was monitored in GKO mice (26) gondii infection. The first group of mice (n ϭ 12) was infected with 1 ϫ 10 3 to 3 ϫ 10 3 tachyzoites of T. gondii (RH strain) and cured with a twice-daily dose of 50 mg of compound 1 per kg (Ⅺ). The second group of mice (n ϭ 10) was infected with 5 ϫ 10 3 tachyzoites of the avirulent P strain of T. gondii (ƒ), while the third age-matched group of mice (n ϭ 5) served as uninfected controls (E). Each of the three groups of mice was challenged 6 months after the initial infections with 10 ies (21, 22, 25) have shown that an IFN-␥-mediated immune response is essential for the control of murine toxoplasmosis. As shown in Fig. 6 , T. gondii infections caused death in 100% of untreated wild-type and GKO mice by day 7 to 8 postinfection. In contrast, all infected GKO mice treated with compound 1 (50 mg/kg twice daily) survived throughout the 10-day treatment period. After termination of medication, mortality was observed in this group starting at day 13 and reached 100% by day 15 postinfection (Fig. 6) . Survival of GKO mice that were treated with compound 1 was statistically significant (P Ͻ 0.001) compared with that of both untreated groups. As previously observed, compound 1 treatment produced greater than 90% survival (P Ͻ 0.001 versus all other groups) in T. gondii-infected wild-type mice throughout the experimental period.
DISCUSSION
The antiparasitic activity of compound 1 was discovered in whole-cell screening assays, and the molecular target has been identified as a cGMP-dependent protein kinase in T. gondii and Eimeria tenella (Gurnett et al., submitted; Donald et al., submitted). We show in the present work that compound 1, a trisubstituted pyrrole, is cytostatic in cultured tachyzoites of T. gondii and cures murine toxoplasmosis following a monotherapy regimen of 50 mg/kg twice daily for 10 consecutive days.
Antitoxoplasma activity of compound 1 in vitro. Evaluation of the inhibition of growth of T. gondii by compound 1 using the transgenic ␤-galactosidase marker or the traditional [ 3 H]uracil uptake assay produced similar IC 50 s of Ϸ200 nM. While compound 1 is able to reduce parasite growth in HFF monolayers, it has a minimal effect on tachyzoite viability. Parasite growth and replication resume when compound 1 is removed from the culture medium. These observations suggest indirectly that the cGMP-dependent protein kinase target of compound 1, a putative signal transduction protein, may be involved in the control of parasite replication. The cytostatic nature of compound 1 could provide an opportunity for the development of chemotherapy-induced immunity in the host during treatment of protozoan parasites.
Resolution of acute murine toxoplasmosis and effects on parasite loads in tissues. The results show that the clinical course of acute toxoplasmosis was altered by compound 1 when given at 10 to 50 mg/kg. However, only a twice-daily dosing of 50 mg/kg produced clinical and parasitological cures in greater than 90% of the treated animals. The observations that compound 1 was cytostatic towards T. gondii in vitro led us to investigate the presence of parasites in tissues of mice after cessation of treatment by sampling organs which are commonly affected in acute murine toxoplasmosis. The kinetics of toxoplasmosis in untreated mice were characterized by early involvement of the spleen, lung, and peritoneum (site of inoculation), with later progression to the brain. T. gondii was not detected in any of the organs during the 10-day compound 1 treatment phase, but parasites rebounded immediately after cessation of treatment, suggesting that the compound was not curative. During this recrudescent phase, parasite loads were highest in the brain and undetectable in the peritoneum. The failure of compound 1 to completely clear the parasites in acute toxoplasmosis could be related to its cytostatic nature or perhaps could be due to pharmacokinetic factors; i.e., effective concentrations are not achieved in the relevant mouse tissues. There was no evidence of clinical symptoms despite the parasitological recrudescence (especially in the lung, brain, and spleen) in all mice after cessation of compound 1 treatment. The presence of relatively high parasite loads in mouse tissues with no clinical signs after cessation of compound 1 treatment suggests the involvement of the immune system in controlling T. gondii in these animals. Previous studies with a pyrimethamine-sulfadiazine combination (19) showed the presence of parasites in mouse tissues after cessation of treatment, and this was related to the timing of initial treatment. In those studies, early treatment after infection was curative and parasites were not detected in any of the tissues, while delayed treatment produced relapses after cessation of treatment. Such relapses were attributed to a failure of the drugs to reach critical concentrations in certain organs, which allowed parasites to replicate and spread to additional areas prior to initiation of treatment. In other studies, the efficacy of pyrimethamine and sulfadiazine was limited to the period of administration, and relapse involving the lung and brain was observed soon after cessation of drug treatment (4, 19) . However, in our study, infected mice were able to control posttreatment parasitological recrudescence, suggesting a potential synergy between treatment with compound 1 and the immune system.
Pharmacokinetics of compound 1 in the mouse. Single daily dosing with compound 1 failed to control acute murine toxoplasmosis, suggesting the lack of sustained plasma drug concentrations required to arrest parasite growth in the tissues. A bioassay using recombinant Toxoplasma cGMP-dependent protein kinase demonstrates that the concentration of com- FIG. 6 . Effects of compound 1 on the course of toxoplasmosis in wild-type versus GKO mice. Groups of 10 mice were infected with 1 ϫ 10 3 to 3 ϫ 10 3 tachyzoites of T. gondii and treated with a twice-daily dose of 50 mg of compound 1 per kg or vehicle control for 10 consecutive days. The ability to survive acute toxoplasmosis was assessed in wild-type mice treated with vehicle (F), GKO mice treated with vehicle (f), GKO mice treated with compound 1 ({), and wild-type mice treated with compound 1 (ƒ).
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on September 8, 2017 by guest http://aac.asm.org/ pound 1 in plasma drops below 100 ng/ml within 8 h of dosing. Compound 1 is required at concentrations of greater than 100 ng/ml (300 nM) to effectively arrest the growth of T. gondii in cultured fibroblasts. Although bioassay measurements will not distinguish between compound 1 and any potential metabolites, only forms of the compound that inhibit the target enzyme are detected, thus providing a measure of levels of active compound in the plasma. To overcome the limitations of compound 1 pharmacokinetics, administration twice daily was required to control T. gondii infections. An alternative strategy would be to develop analogs of compound 1 with greater potency and/or improved pharmacokinetic profiles in order to achieve once-daily dosing.
Role of the immune system in the efficacy of compound 1. The ability of mice to control recrudescence of toxoplasmosis following compound 1 treatment in our study suggested involvement of the immune system. Experiments in which mice that had been previously cured with compound 1 were protected from a subsequent Toxoplasma infection confirmed that suppression of parasite proliferation with treatment permits active development of an effective long-term immune response. Although parasite titers were undetectable during the treatment period, there were presumably sufficient numbers of parasites present at this time to adequately prime the immune system for the successful resolution of parasite recrudescence (upon withdrawal of therapy) and for the effective control of a subsequent secondary parasite infection upon rechallenge. Interestingly, we observed that compound 1-cured mice are better protected from a subsequent parasite infection than untreated mice exposed to an even higher dose of the relatively avirulent P strain of T. gondii.
We used GKO mice to further investigate role of the immune system in the antiparasitic efficacy of compound 1. The kinetics of T. gondii infection, progression of clinical signs, and ultimate mortality patterns were similar in susceptible wildtype and GKO mice, suggesting that IFN-␥ does not influence the outcome of a primary infection with a virulent strain of Toxoplasma. However, in the posttreatment phase, IFN-␥ is required for the prevention of mortality associated with recrudescence. The cytostatic nature of compound 1 on T. gondii could provide an opportunity for the development of an IFN-␥-dependent immunity during the 10-day treatment period when parasite replication is limited. It is well established that the control of both acute and chronic T. gondii infection is dependent upon IFN-␥ and that the major sources of this cytokine are NK and T cells (7, 21, 22) . A role of the immune system in chemotherapy of toxoplasmosis has also been suggested for sulfadiazine (17) , one of the major drugs that are currently used for the treatment of human toxoplasmosis.
In summary, we have demonstrated the efficacy of a new chemical entity, compound 1, against toxoplasmosis in the mouse model of acute infection. Compound 1 is an inhibitor of protozoan cGMP-dependent protein kinase, and its efficacy against T. gondii is dependent upon a functional immune system. The effectiveness of this new class of compounds against toxoplasmosis may provide an alternative component for use in combination therapy with other drugs (3, 11) or potentially as a monotherapeutic regimen.
